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I.  INTRODUCTION 


Spectroscopy  of  the  PO  radical  has  been  studied  using  laser  induced 
fluorescence  (LIF)  in  our  laboratory  for  several  years.  This  radical  is  of 
military  importance  because  of  its  central  role  in  several  proposed  laser 
photolysis  detection  schemes  for  nerve  agents  under  atmospheric  conditions.* 

A  potential  energy  diagram  for  the  radical  is  shown  in  Figure  1.  Reports  on 
our  studies  of  the  transition  between  the  two  lowest  doublet  states,  -X^it 


(~3250A),  have  appeared  previously 


3  4 


In  the  present  work,  we  report  on 


studies  of  laser  excitation  of  the  A2E  +  state  via  the  A-X  transition  at  about 
2470A.  This  transition  is  of  particular  interest  because  in  one  of  the 
proposed  agent  detection  schemes, ^  a  KrF  excimer  laser  (~2480A)  would  be  used 
both  to  photolyze  the  agent  molecule  and  then  to  excite  fluorescence  of  the  PO 
thus  formed. 


P(2P)  +  P(3P) 

p(2d)+o(3p) 

p(4s)+o(3p) 


figure  1.  Potential  Energy  Diagram  for  the  PO  Radical. 
(Reproduced,  with  permission,  from  Ref.  2.) 


Emission  and  absorption  of  the  A2E+-X2tt  transition  of  PO  has  been  studied 

A  7 

at  high  resolution  by  Rao ,  by  Coquart  and  coworkers  and  by  Ghosh  and 
Verma.^  From  these  works,  one  may  obtain  much  information  about  the 
vibrational  and  rotational  constants  for  the  states  involved  and  about 
perturbations  of  the  A  state.  Utility  of  the  A-X  transition  as  an  analytical 
tool  was  studied  by  Winefordner  and  coworkers. **  They  used  several  flames  as 
sources  of  PO.  Most  of  the  flames  required  the  addition  of  P  as  phosphoric 
acid  to  produce  PO,  but  acetylene  generally  contains  a  small  fraction  of  PH-^ 
impurity.  Flames  of  acetylene  were  used  for  many  of  the  studies,  obviating 


the  need  for  addition  of  phosphoric  acid.  Fluorescence  of  PO  was  excited  in 
the  A-X  system  using  a  broadband  xenon  arc  lamp.  The  fluorescence  was 
dispersed  by  a  medium  resolution  monochromator  for  study.  The  A-X 
fluorescence  has  since  been  studied  under  much  higher  resolution  using  laser 
sources.  Recently,  we  reported  on  LIF  studies  of  the  A-X  system. 

Excitation  and  fluorescence  scans  and  observation  of  B-X  emission  upon  pumping 
the  A  state  were  reported.  In  addition,  the  first  measurement  of  the  A  state 
radiative  lifetime  yielded  "about  11.5  ns."  (This  measurement  was  good  to 
2.0  ns.)  Shortly  after  this  work,  Long  and  coworkers^  observed  A-X  system 
LIF  of  PO  after  excimer  laser  photolysis  of  dimethyl-methylphosphonate  [DMMP; 
(CH^O^iP^lCHj]  .  Further  excitation  and  fluorescence  scans  were  given.  The 
lifetime  of  the  A^i+  state  was  reported^3 as  9±2  ns,  in  good  agreement  with 
our  previous  work.  The  transition  between  the  A^£  +  and  B^j;+  states  is  also 
allowed.  High  resolution  emission  studies  of  this  transition  have  been 
performed  by  Verma  and  Jois.^~  The  (0,0)  band  occurs  at  about  10,300A.  In 
addition  to  these  experimental  studies,  there  have  also  been  several 
theoretical  studies  concerning  the  electronic  structure  of  PO.  Most  of  these 
include  calculations  on  the  A  and  B  states.  These  papers  were  briefly 
reviewed  in  Ref.  4. 


This  paper  concerns  a  much  more  detailed  description  of  our  work  on  the 
PO  A-X  system  LIF  than  has  appeared  previously.  Since  our  earlier  work  was 
reported,  we  have  performed  rotationally  resolved  measurements  of  the  A  state 
lifetime,  relative  intensity  measurements  for  the  v'=0  progression  of  the  A-X 
system,  and  we  have  measured  the  branching  ratio  for  emission  from  the  A  state 
to  the  lower  B  and  v  states  by  an  indirect  method.  Both  previous 
measurements ^ of  the  radiative  lifetime  may  have  been  affected  by 
waveform  digitizer  distortions  of  the  type  discussed  in  Ref.  4  since  Tektronix 
waveform  digitizers  were  used  by  both  groups.  The  digitizer  distortion  was 
corrected  in  the  present  work.  All  of  these  studies  of  the  A  state  LIF  will 
be  reported  herein. 


II.  EXPERIMENTAL 

The  experimental  apparatus  has  been  described  in  detail  previously.^ 

Only  a  brief  description  will  be  given  here.  For  these  experiments,  PO  was 
formed  by  flowing  less  than  1  micron  of  DMMP  in  inert  carrier  gas  through  a 
microwave  discharge  (2450  MHz).  The  resulting  mixture  then  passed  through  a 
flourescence  cell.  For  most  of  the  experiments  Ar  was  used  as  the  carrier, 
but  occasionally  He  was  used.  The  carrier  pressure  was  about  2  torr  except 
where  otherwise  noted.  A  Nd:YAG  pumped  dye  laser  system  was  used  as  the 
excitation  source.  The  output  of  Rhodamine  640  laser  dye  was  doubled  to 
obtain  radiation  at  ~3095A.  This  radiation  was  then  passed  collinearly  with 
the  fundamental  (6190A)  through  a  Raman  shifter  cell  filled  with  H2.  The 
desired  2470A  radiation  was  obtained  as  the  second  anti-Stokes  output  from  the 
cell.  Under  good  conditions  about  200  pj/pulse  of  the  desired  radiation  was 
obtained.  The  bandwidth  was  about  0.3  cm-  .  This  radiation  was  passed 
through  the  fluorescence  cell  where  it  excited  PO  in  the  A-X  (0,0)  band. 
Fluorescence  was  collected  at  90  degrees  from  the  excitation  beam.  For  most 
of  the  experiments  the  fluorescence  was  focussed  into  a  32  cm  monochromator 
equipped  with  a  photomultiplier  detector  (PMT).  For  the  A-X  system  excitation 
scan,  the  fluorescence  was  imaged  directly  through  a  bandpass  filter,  which 
transmitted  only  emission  from  the  A-X  system,  into  the  PMT.  This  filter  had 


the  following  parameters:  central  wavelength  ~2400A ,  FWHM  ~380A  and  peak 
transmission  ~22%.  Output  of  the  PMT  was  processed  by  a  boxcar  averager  for 
fluorescence  or  excitation  scans  or  by  a  Tektronix  7912AD  waveform  digitizer 
for  lifetime  measurements.  Boxcar  averager  and  waveform  digitizer  outputs 
were  stored  on  a  laboratory  computer  for  later  analysis.  The  overall  detector 
system  response  time  f.or  lifetime  measurements  was  ~1.5  ns.  The  fluorescence 
decay  curves  were  corrected  for  digitizer  distortion  as  discussed  in  Ref  4. 


For  the  lifetime  measurements,  the  detec 
for  any  possible  effects  of  saturation,  such 
phototube.  This  was  done  by  scattering  some 
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A  significant  amount  of  apparatus  drift  was  noted  during  the  first 
monochromator  scans  made  to  determine  the  relative  intensities  of  emission 
from  the  v'=0  level  of  the  A  state.  In  later  scans  a  separate  PMT  was  used  in 
conjunction  with  the  aforementioned  filter  to  monitor  the  overall  A-X  system 
emission  and  thus  monitor  the  experimental  apparatus  for  drift.  Output  from 
the  A-X  monitor  PMT  was  always  processed  by  the  boxcar  averager.  Both  PMTs 
were  carefully  checked  for  possible  saturation  during  relative  intensity 
measurements.  The  detection  system  wavelength  sensitivity  was  calibrated 
using  an  MBS  traceable  tungsten  standards  lamp  for  use  in  the  relative 
intensity  determinations. 


III.  RESULTS  AND  DISCUSSION 

A.  Identification  of  the  A^E^-X^u  (0,0)  Band  Fluorescence 


The  A-X  (0,0)  band  fluorescence  of  PO  was  identified  in  both  excitation 
and  fluorscence  scans.  A  laser  excitation  scan  taken  using  the  filtered  PMT 
is  given  in  Figure  2.  Positive  identification  of  the  A-X  system  LIF  is 
achieved  by  comparison  of  the  observed  spectrum  in  Figure  2  to  line  positions 
from  earlier  high  resolution  emission  studies. Spin-splitting  in  both  the 
B^£+  and  A2E+  states  is  quite  small.  Ordinarily,  12  separate  rotational 
branches  are  observed  for  a  transition,  however,  four  of  these  are 

satellite  branches.  Since  the  excited  state  spin-splitting  is  so  small,  the 
satellite  branches  are  completely  overlapped  by  the  corresponding  main  branch 
transitions,  even  under  high  resolution.  '  a  Only  the  main  branch 
designations  are  given  in  Figure  2.  The  overlapped  main  plus  satellite  branch 

pairs  art  °21>  ^1+^P21>  Q2+<^R  1 2  anc*  P2  +  P^12’  respectively.  The  line 

positions  in  figure  2  were  taken  from  the  vacuum  wavenumbers  in  Ref.  7a.  It 
should  be  noted  that  in  one  of  the  emission  studies^  and  also  the  fluorescence 
excitation  scan  of  Long  and  coworkers an  incorrect  conversion  from  vacuum 
wavenumbers  to  air  wavelengths  was  performed.  Figures  of  A-X  vibrational  hand 
spectra  in  these  papers  are  therefore  incorrect  by  approximately  1A.  The 
correct  air  wavelengths  are  used  in  the  present  work.  In  addition,  the 


resolution  in  the  present  excitation  scan  is  somewhat  higher  than  that  in 
Ref.  11b. 


Q,(J|  30  5  29  5  H  p,  (J|  325  24  5  H 
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Figure  2.  Laser  Excitation  Scan  of  the  (0,0)  Band  in  the  A-X  System 

Subband.  There  was 


of  P0.  (a)  A2r+-X2TT1/2  Subband.  (b)  A^£ 

no  signal  at  room  temperature  between  the  two  'subbands.  The  scales 
for  the  two  subbands  are  different.  The  subband  is  actually 

somewhat  stronger  than  the  3/2  subband,  which  may  be  attributed 
to  the  Boltzmann  distribution  in  ground  state  spin-orbit  levels. 


A  fluorescence  scan  of  the  v*=0  emission  in  the  A-X  system  is  shown  in 
Figure  3a.  The  scan  was  taken  with  the  laser  fixed  to  excite  PO  in  the 

head  of  the  (0,0)  band,  which  is  the  strongest  feature  in  the  band 
(see  Figure  2a).  The  monochromator  was  scanned  using  a  resolution  of  about  6- 
7A  FWHM.  Band  assignments  were  obtained  from  Ref.  13.  Note  that  emission  was 
readily  observed  to  v"  as  high  as  3  (see  Figure  3a).  Although  careful 
intensity  measurements  were  not  performed  on  the  (0,4)  band  (due  to 
oversight),  emission  to  v"=4  could  also  be  observed.  This  emission  was  much 
weaker  than  that  of  the  bands  shown  in  Figure  3a.  In  Figure  3a,  one 
immediately  notes  a  large  splitting  of  the  vibrational  bands  into  doublets. 

This  splitting  arises  from  the  ~?24  cm-^  spin-orbit  splitting  of  the  ground 

“ir  state. The  splitting  is  even  more  evident  in  the  higher  resolution 
excitation  scans  of  Figure  2.  There,  one  sees  that  the  spin-orbit  splitting 
is  so  large  that  the  band  is  fully  split  into  two  distinct  subbands  at  room 
temperature.  In  addition  to  the  strong  emission  from  the  A2£  +  state,  we  found 

*  *  O  X  ,  , 

weaker  emission  from  the  B  £  state.  A  fluorescence  scan  of  the  B-X  emission 
thus  observed  is  shown  in  Figure  3b.  This  scan  was  taken  at  the  same  time  and 
under  the  same  conditions  as  that  of  Figure  3a.  Of  course,  the  B-X 
vibrational  bands  have  a  spin-orbit  splitting  similar  to  that  of  the  A-X 
bands.  This  B-X  splitting  has  been  previously  observed  in  emission^4  ^  and 
hIF3> 17  studies.  Questions  immediately  arise  as  to  how  the  B  state  is 


populated  while  the  laser  is  pumping  to  the  A  state  and  what  fraction  of  the 
molecules  pumped  to  the  A  state  find  their  way  into  the  B  state.  Since 
radiative  emission  from  the  A  state  to  the  B  state  is  allowed,  as  previously 
discussed,  population  of  the  B  state  may  occur  via  radiative  or  collisional 
processes.  Further  discussion  of  these  questions  will  he  deferred  to  Section 
D. 


Figure  3.  Fluorescence  Scan  of  the  PO  Electronic  Systems.  The  laser 
pumped  the  Qi+^F21  ^ea<*  °f  the  A-X  (0,0)  band  and  produced  signal  in 
both  of  the  systems  depicted.  (a)  A-X  system  fluorescence  spectrum. 

(b)  B-X  system  fluorescence  spectrum.  The  B-X  fluorescence  was  much 
weaker  than  that  of  the  A-X  system,  resulting  in  a  lower  signal  to 

noise  ratio  for  the  former. 

B.  Lifetime  Measurements  for  A^E  PO 

9  +  . 

A  I  lifetime  measurements  were  performed  using  the  monochromator  with 
wavelength  set  to  observe  the  A-X  (0,0)  band  fluorescence  and  slits  set  so 
that  most  of  the  band  was  being  observed.  Signals  from  the  PMT  were  processed 
by  the  waveform  digitizer  and  then  averaged  in  the  laboratory  computer. 
Typically  the  signal  to  noise  ratio  was  rather  high  so  that  only  100  pulses 
had  to  be  averaged.  In  previous  measurements4  on  the  B  state  it  was  found 
that  Tektronix  7912AD  waveform  digitizers  introduce  a  small  amount  of 
distortion  into  the  waveform  due  to  an  inherent  nonlinearity.  Though  most 
intensity  measurements  are  not  affected  by  this  small  distortion,  fits  of 
exponential  decays  to  obtain  lifetimes  are  extremely  sensitive  to  it. 
Systematic  errors  of  10-20%  were  frequently  observed  in  the  lifetimes  when  the 

1  1 


distorted  waveforms  were  not  corrected.  Therefore,  in  the  present  work  on  the 
A  state,  the  resultant  waveforms  were  corrected  for  this  distortion,  after 
the  pulses  were  averaged,  to  obtain  the  true  input  waveform.  We  should  note 
that  such  a  correction  was  not  used  for  either  of  the  two  previously  reported 
measurements  of  the  A  state  lifetime,  in  both  of  which  7912AD  waveform 
digitizers  were  used.^  >lla>b  Therefore,  systematic  errors  induced  by 
digitizer  distortion  could  have  affected  the  results,  although  the  exact 
magnitude  of  such  errors  is  unknown.  Fortunately,  it  will  be  seen  shortly 
that  all  of  the  results  are  in  reasonable  agreement.  Use  of  the  deconvolution 
allows  us  to  determine  the  lifetime  with  much  higher  precision  than  has  been 
done  previously.  The  system  was  always  adjusted  so  that  signals  resulting 
from  the  weakest  laser-driven  transitions  were  optimized  such  that  the  signal 
level  was  high,  yet  the  detection  electronics  were  not  quite  saturated.  The 
focussing  lenses  were  then  apertured  when  the  laser  was  pumping  the  stronger 
transitions  so  that  the  resultant  signals  came  to  about  this  optimum  level. 

The  first  lifetime  measurements  were  performed  with  the  laser  pumping  in 
the  Qi+<^P2i  head.  An  example  of  the  averaged  output  from  the  digitizer,  after 
correction  for  distortion,  is  shown  in  Figure  4.  A  very  fast  fluorescence 
response  followed  by  a  slower  decay  to  the  baseline,  typical  of  pulsed 
radiative  lifetime  measurements,  was  observed.  A  separate  photodiode 
measurement  of  the  laser  excitation  pulse  shape  was  made  in  order  to  determine 
its  width.  The  time  it  takes  the  photodiode  response  to  rise  above  and  fall 
below  1%  of  its  maximum  value  was  noted.  In  ord>_r  to  estimate  the  time  at 
which  fitting  of  the  fluorescence  signal  by  an  exponential  form  would  be 
permissible,  we  noted  the  point  at  which  the  signal  began  to  rise  rapidly, 
added  the  laser  pulse  duration  as  just  defined  and  added  a  few  ns  more  to 
insure  insignificant  response  to  laser  excitation.  (The  same  type  of  test  was 
performed  by  scattering  laser  radiation  into  the  monochromator  with  nearly 
identical  results,  but  much  lower  signal  to  noise  ratio  since  averaging  was 
not  performed.  The  main  purpose  of  this  latter  test  was  to  insure  that 
detection  system  saturation  did  not  give  rise  to  the  observed  decays.)  The 
tail  of  the  decay  pulse  was  fitted  beginning  at  this  point.  The  fit  was 
performed  in  much  the  same  manner  as  was  done  previously  for  the  B  state^ 
using  a  nonlinear  least  squares  routine1  and  the  functional  form 

I  =  A  exp(-t/r)  +  B  (1) 

where  A  is  the  signal  amplitude,  t  is  the  elapsed  time  after  the  earliest 
point  in  the  fit,  t  is  the  observed  lifetime  and  B  is  the  baseline.  As  may  be 
seen  in  Figure  4,  the  lifetimes  are  of  the  order  of  10  nsec.  Since  the 
detection  system  fall  time  was  ~1.5  nsec,  as  previously  noted,  concern  arose 
that  this  response  time  might  affect  the  measured  lifetimes.  However, 
calculations  of  Demas^  show  that  the  correct  lifetime  will  be  extracted  if 
one  delays  fitting  of  the  decay  long  enough  after  the  excitation  pulse.  For 
these  experiments,  we  were  careful  to  insure  that  enough  time  had  elapsed. 

In  order  to  be  able  to  use  the  present  lifetime  measurements  for  the 
determination  of  absorption  and  emission  coefficients,  one  must  insure  that 
all  of  the  decay  is  due  to  radiative  processes.  We  shall  consider  possible 
nonradiative  channels  here.  Measurements  of  the  decay  constant  vs.  Ar  carrier 
gas  pressure  (vide  infra)  show  that  the  lifetime  does  not  vary  within  its 
stated  error  limits  in  the  range  from  O.b-lO  torr  of  carrier  gas.  Therefore, 
excited  state  quenching  is  unimportant.  There  is  no  possibility  of 


predissociation  of  v'=0  in  the  A  state  because  it  is  well  below  the  limit  for 
dissociation  to  ground  state  atoms  (see  Figure  1).  Rotational  perturbations 
are  known7’12  to  occur  in  v'=0  at  N*  =  10,  17,  and  55.  The  perturbations  at 
N'  =  10  and  17  are  due  to  interaction  between  A2E+  and  b^E-  while  that  at  N ' =  5 5 
is  not  well  understood.  Since  there  are  known  perturbations  it  seemed 
possible  that  fast  relaxation  through  the  perturbed  levels,  i.e.,  as  is  known 
to  occur  between  the  B2£+  and  A^states  of  CN,2(1  might  affect  the  lifetimes. 

If  this  is  the  case,  the  lifetime  of  the  perturbed  level(s)  should  be  much 
shorter  than  nearby  rotational  levels  (or  perhaps  exhibit  nonexponential 
decays).  Although  this  possibility  did  not  appear  to  be  likely  because  the 
lifetime  of  nonperturbed  levels  pumped  via  the  Qj+'p21  bandhead  laser 
excitation  did  not  exhibit  any  carrier  gas  pressure  dependence,  we  deemed  it 
prudent  to  measure  the  lifetimes  as  a  function  of  rotational  level  pumped  by 
the  laser.  Such  a  study  may  reveal  variations  not  only  at  or  near  perturbed 
levels,  but  also  interesting  monotonic  variations  due  to  electronic  transition 
moment  dependence  on  internuclear  distance.  As  will  be  seen,  there  is  no 
large  variation  found  near  perturbed  levels,  indicating  that  collisional 
transfer  out  of  the  A2£+  state  through  these  levels  is  negligible.  Thus,  it 
would  appear  that  nearly  all  of  the  excited  state  decay  is  due  to  radiative 
processes.  The  lifetimes  reported  herein  are  therefore  directly  indicative  of 
the  total  radiative  decay  rate. 
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was  9.72  ±  0.48  ns,*  Pumping  in  this  head  results  in  excitation  of  rotational 
levels  near  N*=5.^*^a  Pumpine  in  the  P^  head  leads  to  exc  i  t  at  i  onf)  >  of 
levels  near  N'=22.  A  similar  number  of  runs  was  made  for  this  bandhead , 
resulting  in  a  lifetime  of  9.69  ±  0.36  ns.  In  addition,  lifetimes  were 
measured,  using  single  runs,  for  all  of  the  Pj  branch  transitions  from  Pj3  to 
P  j  1 0 .  (The  rest  of  this  vibrational  hand  is  too  congested  to  allow  for 
pumping  of  other  single  rotational  levels  at  our  resolution.  See  Figure  2.) 
This  resulted  in  excitation  of  all  K'  levels  between  2  and  9.  It  should  be 
noted  that  the  P^IO  transition  is  heavily  overlapped  by  one  component  of  the 
P^ll  line  due  to  the  perturbation  of  N'=10.  Thus,  there  is  a  significant 
excitation  of  the  perturbed  N'=10  level,  as  well  as  1!'=9,  upon  pumping  of  the 
PjlO  line.  No  difference  from  the  previously  mentioned  value?  was  observed 
for  any  of  these  levels,  including  the  perturbed  level,  within  error  limits. 
Now,  in  previous  measurements  on  the  state  of  PO,  we  have  shown  that 

although  at  2  torr  of  Ar  carrier  gas  some  rotational  relaxation  may  occur  in 
the  excited  state,  this  relaxation  should  be  far  from  complete.  Thus,  most  of 
the  emission  must  be  either  from  the  rotational  level  pumped  by  the  laser  or 
from  nearby  levels.  This  statement  is  also  true  for  the  A^£+  state, 
especially  since  its  lifetime  is  much  shorter  than  that  of  the  B^g+  state 
(vide  infra).  There  is  thus  less  time  for  rotational  relaxation  to  occur  in 
the  A  state  than  in  the  B  state  under  our  conditions.  Therefore,  we  conclude 
that  the  lifetimes  do  not  depend  upon  rotational  level  within  the  limits  of 
our  measurement.  The  average  of  all  the  runs  performed,  9.68  ±  0.47  ns,  is 
reported  as  the  free  radiative  lifetime  of  the  A~j  +  state.  This  result  is  in 
excellent  agreement  with  the  two  previously  reported  measurements,  11.5  ± 

2.0  ns^  and  9  ±  2  ns.^a’^  However,  the  agreement  may  be  somewhat  fortuitous 
because  waveform  digitizer  distortion  was  not  taken  into  account  in  the 
previous  work.  Also,  note  that  the  error  limits  from  the  previous  work  are 
much  larger  than  those  of  the  present  work.  The  lifetime  of  the  A  state  may 
he  compared  to  measurements  for  the  B  state,  250  ±  10  ns ^  and  264.8  ± 

4.8  ns.4  One  notes  that  the  A  state  lifetime  is  much  shorter  than  that  of  the 
B  state  even  though  radiative  processes  appear  to  be  the  major  decay  routes 
for  each.  The  reason  for  the  comparatively  short  A  state  lifetime  will  be 
discussed  in  the  conclusions  section. 

Lifetimes  were  also  studied  as  a  function  of  carrier  gas  pressure. 

•Jhereas  Ar  was  used  as  carrier  gas  for  all  of  the  other  measurements,  for  this 
experiment  Ar,  and  then  He,  was  used  as  carrier  gas.  As  previously  mentioned, 
it  was  found  that  the  lifetimes  did  not  vary  within  error  limits  for  either 
carrier  gas.  A  pressure  range  from  0.5-10  torr  was  tried  for  both  gases. 

These  data  may  be  used  to  place  upper  limits  on  the  quenching  rate  constants, 
k^,  of  the  A~'£+  state  by  these  gases.  The  results  are:  k^  <  3.1  x 

19  ^  cm  /rno  1  ecu  1  e-sec  and  k,,  „  <  3  x  10  ^  cm  /molecule-sec . 
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Tn  this  section  relative  intensities  of  emission  from  v'=9  of  the  A  I 
state  to  the  various  v"  levels  in  the  X'"n  state  are  discussed.  About  20 
monochromator  scans  of  Lite  A~Y  system  fluorescence,  similar  to  that  in 


*A1  1  error  limits  reported  *  >•- 1  ■  ■  t  n  ai 


Hie 


?,  t  in  la  rd  dev  i  a  t  ion  . 


Figure  3,  were  taken.  Outputs  from  the  monochromator's  PMT  and  from  the 
apparatus'  monitor  PMT  were  ratioed  in  the  boxcar  averager  to  correct  for 
apparatus  drift.  The  scans  were  taken  using  several  different  PMT  voltages 
and  two  PO  concentrations  differing  by  a  factor  of  5  to  determine  whether 
detection  system  saturation  or  self  absorption  of  the  signal  affected  the 
results.  Areas  under  the  A-X  system  vibrational  bands  were  integrated  by  the 
computer  (trapezoidal  summation).  The  results  were  then  corrected  for  the 
detection  system  wavelength  sensitivity.  Finally,  it  should  be  noted  that  a 
monochromator  scan  was  made  with  the  discharge  turned  off  (PO  source  off)  in 
order  to  check  for  laser  scattering  in  the  vicinity  of  the  (0,0)  band.  Signal 
from  scattered  laser  radiation  was  negligible.  Ratios  of  the  band  intensities 
were  found  to  be  identical  within  error  limits  under  all  conditions.  Thus, 
detector  system  saturation  and  self-absorption  effects  are  negligible.  The 
results  of  all  the  scans  were  then  averaged  and  ratioed  to  find  the  relative 
intensities  of  emission  from  v'=0  in  the  A-X  system.  The  relative  intensities 
are  directly  proportional  to  the  Einstein  vibrational  band  emission 
coefficients,  Av,v„ .  The  results  may  therefore  be  stated  in  terms  of  the 
relative  emission  coefficients,  which  are  given  in  Table  1. 


Table 


Relative  Einstein  Band  Emission  Coefficients  for  v'=0 
in  the  A^Z+-X^tt  System  of  PO 


(v' ,v") 

Ayiyii  ( Re  1 . ) 

(0,0) 

1.000 

(0,1) 

0.683  ±  0.050 

(0,2) 

0.214  ±  0.023 

(0,3) 

0.0443  ±  0.0070 

The  data  in  Table  1  may  be  used  to  investigate  the  dependence  of  the  A-X 
electronic  transition  moment  on  internuclear  distance.  The  same  approach  as 
used  previously^  to  analyze  data  for  the  B-X  transition  was  used  here. 

Briefly,  it  is  well  known  that  the  are  given  by 

AvV,  =  (64i.4/2hc3)v3,vI(pvlv„  (2) 

where  h  is  Planck's  constant,  c  is  the  speed  of  light,  vv'v"  is  the  band 
frequency  and  PvtY"  is  the  vibrational  band  transition  probability.  We  assume 
that  the  electronic  transition  moment  function,  R^(r),  is  a  linear  function  of 
internuclear  distance,  r,  over  the  range  of  r  of  importance  to  the  bands  being 
considered.  Thus, 

Re(r)=c(l-pr)  (3) 

where  c  and  p  are  constants.  Using  this  assumption,  one  can  show4  that 

PVIVM  =  ( 1— p  r )  ^qv i  vii  =  Rg(r)qyi  yii  (4) 

where  qv«vit  is  the  Franck-Condon  factor  (FCF)  and  r  the  r-centroid  for  the 
vibrational  band  of  interest.  FCFs  and  r-centroids  for  the  bands  of  interest 
were  calculated  using  RKR  potentials.  Pv<vii  values,  noinalized  so  that  their 
total  is  equal  to  1,  may  be  readily  calculated  from  the  Ayiyit  using  Eq.  2. 


Results  for  the  pyivii,  FCFs  and  r-centroids  are  given  in  Table  2^_  It  is 
readily  apparent  from  Eq.  4  that  a  plot  of  (pvi  v»t/ q  i  i» ) ' '  ^  vs.  r  will 
yield  p.  Such  a  plot  is  given  in  Figure  5.  The  result  of  a  least  squares 
fit,  weighted  by  the  error  limits  in  the  data  points,^  yields  p  =  0.627  ± 


0.039A" 


This  result  is  within  error  limits  of  that  found  using  the  FCFs  and 


r-centroids  of  Sankaranarayanan . 


The  latter  FCFs  and  r-centroids  were 


calculated  using  Morse  potentials  and  are  similar  to  the  RKR  results  for  low 
v" ,  but  differ  progressively  for  high  v" .  Curiously,  the  value  of  p  found  for 
the  A-X  transition  is  very  similar  to  that  measured  for  the  B-X  system,^1  p  = 
0.577  ±  O.OIPA-^.  We  know  of  no  reason  why  this  has  to  be  the  case.  An  ab 
initio  calculation  would  probably  be  required  to  elucidate  whether  this 
similarity  arises  merely  from  coincidence. 


Table  2.  Measured  Vibrational  3and  Transition  Probabilities  and 
Calculated  FCFs  and  r-centroids  for  the  v ' =0  Progression 
in  the  A-X  System  of  PO 


Vibrational  Band 


Normalized  pv » vit 
( Measured ) 


0.484  ±  0.013 
0.364  ±  0.025 
0.125  ±  0.014 
0.0282  ±  0.0045 


Ov'v" 

(RKR  Calc.) 


0.264 

0.0626 

0.0116 


r  (A) 

(RKR  Calc.) 


r-p  =  0.627  ±0.039  A 


ir, ure  5.  Plot  of  (  Pv  1  v"/ qv  1  v" )  '  '  “  vs-  r  tor  the  v'=0  Progression 
in  the  A-X  System  of  PO.  The  line  resulted  from  a  least  squares 
fit  which  was  weighted  for  the  error  limits  shown. 


As  one  proceeds  from  low  to  high  values  of  J' ,  centrifugal  stretching 
will  cause  the  value  of  pv<vii  to  change  slightly  (see  Eq.  4).  Thus,  for  the 
value  of  p  observed,  the  rate  of  radiative  decay  processes  should  decrease  and 
lifetimes  should  increase  as  N'  increases.  The  magnitude  of  this  effect  was 
investigated  for  the  A-X  transition  in  the  same  manner  as  was  done  previously 
for  the  B-X  transition.^  It  should  be  noted  here  that  when  the  A  state  is 
excited,  most  of  the  emission  is  to  the  X  state  rather  than  the  B  state  (vide 
infra).  Therefore,  for  the  present  purposes,  the  A-B  emission  may  be 
neglected.  The  amount  of  centrifugal  stretching  for  various  values  of  J'  was 


estimated  using  equations  given  by  Herzberg 
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Using  Eq.  4,  it  is  readily 


found  that  centrifugal  stretching  should  cause  a  change  in  the  lifetimes  with 
J'  that  is  much  smaller  than  the  error  limits  in  these  quantities.  This  is 
not  surprising  since  the  change  for  the  B-X  system  was  also  too  small  to  be 
detected.  Relative  error  limits  in  the  A  state  lifetime  measurements  are  much 
larger  than  for  the  B  state  and  the  range  of  J'  sampled  for  the  A  state  is 
smaller  than  for  the  B  state. 


0. 


Relative  Intensities  of  Emission  from  the  A^E*  State  to  the  B^E*  and  X^w 
States 


After  excitation  of  the  A  state  of  PO  by  the  laser,  the  only  allowed 
transitions  in  emission  are  to  the  B  and  X  states  (see  Figure  1).  The  B  state 
is  indeed  populated  when  the  A  state  is  excited,  as  shown  by  observation  of  B- 
X  emission  in  Figure  3.  For  quantitative  determination  of  PO  via  the  A-X 
transition,  it  is  necessary  to  know  absolute  values  of  the  pertinent  Einstein 
absorption  and  emission  coefficients  for  this  system.  Before  one  can  use  the 
measured  A  state  lifetime  to  calculate  these  quantities,  one  must  obviously 
know  the  branching  ratio  for  emission  from  the  A  state  to  the  B  and  X 
states.  Unfortunately,  direct  measurement  of  the  A-B  vs.  A-X  intensity  ratio 
is  very  difficult  because  the  (0,0)  band  of  the  A-B  system  occurs  at  about 
10.300A- ^  Most  PMTs  have  very  poor  response  at  such  long  wavelengths.* 
However,  we  have  succeeded  in  measuring  this  ratio  indirectly  via  the  B-X  vs 
A-X  emission  ratio. 


As  discussed  p 
the  A  state  by  radi 
is  weak,  there  was 
could  be  due  to  col 
However,  clearly  at 
Therefore,  in  order 
measured  the  B-X  vs 
intent  of  extrapola 
to  keep  in  mind  tha 
transfer,  of  the  B 
range  used.)  Note 
different.  The  res 


reviously,  the  B  state  may  be  populated  after  excitation  of 
ative  or  collisional  processes.  Since  the  B  state  emission 
some  concern  that  a  small  fraction  of  the  A  state  decay 
lisional  processes  and  result  in  B  state  emission, 
zero  pressure  only  radiative  processes  should  occur, 
to  measure  the  A-B  vs.  A-X  branching  ratio  indirectly,  we 
.  A-X  intensity  ratio  as  a  function  of  pressure  with  the 
ting  to  zero  pressure.  (Along  these  lines,  it  is  important 
t  previous  results^*  show  that  quenching,  i.e.,  collisional 
state  by  the  Ar  carrier  gas  is  negligible  in  the  pressure 
that  the  lifetimes  of  the  A  and  B  states  are  very 
ponse  time  of  the  boxcar  averager's  preamplifier  was  much 


*In  retrospect,  it  would  appear  from  our  results  that  attempts  to  detect  the 
A-B  emission  directly  with  a  PMT  having  an  SI  photocathode  might  well 
succeed.  Me  did  not  have  such  a  PMT  available  for  use  at  the  time  of  these 
exper iment  s . 


w.< 


too  slow  (~1  ps)  to  adequately  follow  pulsed  signals  from  these  states.  Since 
distortion  of  signals  from  the  two  excited  states  probably  would  affect  the 
signals  in  different  ways,  there  was  concern  that  the  boxcar  averager  might 
not  respond  equally  to  the  B-X  and  A-X  fluorescence.  (In  fact,  later 
comparison  with  the  correct  result  indicates  a  very  significant  systematic 
error  by  about  a  factor  of  5  is  introduced).  Therefore,  the  waveform 
digitizer,  which  is  capable  of  following  the  two  pulses  without  significant 
distortion,  was  used  for  these  measurements.  Excitation  to  the  A  state  was 
again  in  the  coi  bead  of  the  (0,0)  band.  The  monochromator  was  centered 

alternately  on  the  A-X  and  B-X  (0,0)  bands  and  was  held  fixed  while  signal 
from  one  of  the  transitions  was  averaged.  At  the  same  time,  signal  from  the 
A-X  monitor  PMT,  set  up  opposite  the  monochromator,  was  processed  by  the 
boxcar  averager.  The  monochromator  slits  were  set  for  a  measured,  trapezoidal 
bandpass  of  41A  FWHM.  Typically  about  100  pulses  were  averaged.  The  A-X  and 
B-X  waveforms  obtained  from  the  digitizer  were  integrated  from  the  beginning 
of  the  pulse  to  a  sufficiently  long  time  that  the  pulse  had  decayed  to  within 
error  limits  of  zero  intensity.  The  resulting  integrals  are  proportional  to 
the  total  number  of  photons  emitted  in  the  respective  (0,0)  bands  of  these 
systems.  The  integrals  were  corrected  for  system  drift  using  the  output  from 
the  A-X  monitor  PMT.  It  was  found  that  the  ratio  of  B-X  and  A-X  signals  did 
not  vary  at  all,  within  error  limits,  between  1.3  and  8.0  torr  of  Ar  carrier 
gas.  This  lack  of  pressure  sensitivity  means  that  all  of  the  B-X  emission 
results  from  A-B  radiative  transfer  under  our  conditions,  that  is,  collisional 
transfer  is  unimportant.  Thus,  the  A-B  vs.  A-X  emission  ratio  may  be 
determined  indirectly  (but,  we  believe,  quite  accurately)  from  the  ratio  of 
integrated  B-X  vs.  A-X  signals. 

The  ratio  of  3-X  vs.  A-X  signals  was  averaged  for  the  13  runs  made  at 
various  Ar  carrier  gas  pressures.  The  result  was  corrected  for  the  measured 
detector  system  wavelength  sensitivity.  Also,  the  monochromator's  bandpass 
function  was  measured  and  convoluted  with  the  observed  fluorescence  spectrum 
from  the  (0,0)  bands  of  the  two  electronic  systems,  (Figure  3)  taken  at  much 
higher  resolution,  to  obtain  a  further  correction  to  the  observed  intensity 
ratio.  Fortunately,  the  latter  correction  is  not  large  and  therefore  is  not 
particularly  sensitive  to  the  choice  of  several  key  parameters  describing  the 
high  resolution  fluorescence  spectrum,  i.e.,  the  width  of  the  two  major  peaks 
in  each  band  and  their  separation.  The  resulting  ratio  of  integrated  signals 
for  the  B-X:A-X  (0,0)  bands  was  thus  found  to  be  0.216  ±  0.026:1.000.  It  may 
be  shown  using  FCFs  calculated  from  the  RKF  curves  that  for  the  A-B 
transition,  most  of  the  emission  from  v=0  in  the  A  state  is  to  v=0  in  the  B 
state.  Some  emission  to  v=l  occurs.  The  (1,1)  and  (1,2)  bands  are  at  about 
the  same  wavelengths  as  the  (0,0)  and  (0,1)  bands,  respectively.  Using 
results  for  the  B-X  electronic  transition  moment  function  from  Ref.  4,  one  may 
readily  show  that  the  ratio  of  B-X  (1,1):(1,2)  intensities  is  similar  to  that 
of  (0,0):(0,1).  The  (1,0)  intensity  and  intensities  for  other  (l,v")  bands 
are  expected  to  be  negligible  in  comparison.  Therefore,  even  though  v=l  of 
the  B  state  is  slightly  populated,  the  system  response  to  emission  from  this 
level  is  expected  to  be  approximately  equivalent  to  that  from  v=0 .  Emission 
to  (and  from)  higher  vibrational  levels  of  the  B  state  is  expected  to  have  a 
negligible  effect  on  the  result.  Thus,  the  ratio  of  total  Einstein  emission 
coefficients  for  the  A-B  vs.  A-X  transitions  may  be  obtained  from  the  B-X:A-X 
(0,0)  band  ratio  using  the  relative  intensities  ol  the  v'=()  progressions  in 
the  A-X  and  B-X  systems.  The  former  intensities  are  given  in  the  preceeding 
section  while  the  latter  may  he  obtained  from  previous  wo r k . ^  The  ratio  of 
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total  Einstein  emission  coefficients  thus  obtained  for  the  two  electronic 
systems  is  =  0.120  ±  0.016.  It  is  interesting  to  note  that  although 

the  intensity  of  the  A-X  transition  is  actually  stronger  than  that  of  the  A-B 
transition,  after  the  dependence  is  removed  from  the  intensity  ratio  one 
finds  that  the  square  of  the  electronic  transition  moment  for  the  A-B 
transition  is  almost  10  times  that  of  the  A-X  transition. 

IV.  CONCLUSIONS 

LIF  of  the  PO  radical  is  readily  produced  by  excitation  of  the  radical  in 
the  A-X  system  after  its  formation  in  a  microwave  discharge.  Fluorescence  and 
excitation  scans  from  which  the  A-X  transition  may  be  readily  identified  are 
given  in  this  work.  The  A  state  was  found  to  have  a  very  short  excited  state 
lifetime.  Its  lifetime  is,  for  instance,  much  shorter  than  the  B  state 
lifetime.  The  lifetime  was  found  to  be  independent  of  rotational  level 
excited.  Relative  intensities  of  emission  from  v=0  of  the  A  state  to  the 
various  vibrational  levels  in  the  ground  state  were  used  to  examine  the 
variation  of  the  A-X  electronic  transition  moment  with  internuclear 
distance.  The  branching  ratio  for  emission  from  the  A  state  to  the  B  and  X 
states  was  determined  by  an  indirect  method.  The  branching  ratio  and  A  state 
lifetime,  taken  together  with  the  fact  that  the  A  state  decays  primarily  via 
radiative  processes,  indicate  that  both  the  A-X  and  A-B  transitions  are  very 
strong.  The  strength  of  these  transitions  may  at  first  glance  be  somewhat 
surprising.  However,  studies  of  Verma  and  coworkers^ » ^  show  that  the  A^g+ 
state  fits  very  well  into  the  Rydberg  series  leading  to  P0+  (*£+).  This  state 
corresponds  to  having  one  electron  in  the  4so  orbital,  i.e.,  it  is  the  lowest 
state  in  the  nsa  series.  The  B^£+  state  does  not  fit  into  these  Rydberg 
series.  Thus,  experimental  evidence  would  seem  to  indicate  that  it  is  a 
valence  state.  Recent  ab  initio  calculations  of  Grain  and  Kapur^  support 
this  classification.  Therefore,  both  the  A-X  and  A-B  transitions  may  be 
classified  as  Rydberg  transitions.  As  discussed  by  Herzberg,^  Rydberg 
transitions  of  molecules  are  expected  to  be  very  strong,  in  analogy  with 
atomic  Rydberg  transitions.  The  strength  of  these  transitions  is  therefore 
reasonable.  Given  equal  probe  intensities  at  the  respective  transition 
wavelengths  and  linear  responses,  one  would  expect  detection  schemes  to  be 
much  mere  sensitive  if  based  upon  pumping  the  A-X  transition  than  if  based  on 
the  B-X  transition.  This  observation  agrees  with  the  results  of  Ref.  9. 


The  ability  to  pump  the  A  state  and  view  fluorescence  from  both  this 
state  and  the  B  state  suggests  the  possibility  of  performing  interesting 
electronic  energy  transfer  experiments  with  the  PO  molecule.  At  the  present, 
although  there  have  been  many  studies  of  electronic  quenching,  few 
experimental  studies  on  electronic  energy  transfer  between  the  excited  states 
of  molecules  have  been  perforned.  Though  some  other  low-lying  electronic 
levels  might  also  be  of  importance  in  such  experiments,  (see  Figure  1)  this 
molecule  nevertheless  could  lend  itself  to  such  a  study.  Such  studies  could 
be  especially  interesting  because  of  transfer  between  different  Rydberg 
levels . 
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